Purpose of Review The purpose of this review is to emphasize the use of bone metastasis models in preclinical research. As classical models have been thoroughly discussed in recent reviews, we here highlight the most important aspects from these papers with a special focus on novel models developed during the past 5 years. Recent Findings Preclinical mouse models to study bone metastasis can be divided by cancer cell inoculation techniques (spontaneous, systemic, or local) or by immunological background of the mice (immunodeficient, syngeneic, or humanized). Additionally, novel computational, in vitro co-culture, and humanized bone models have been established. Summary Various models can be used to approach distinct research questions. Understanding limitations of the models is essential when planning a study and interpreting the results. Development of novel models will increase understanding of the complex biology and advance the discovery of new therapies targeting bone metastases.
Introduction
Bone metastases are a major cause of morbidity and mortality in cancer patients [1] [2] [3] . Seventy to eighty percent of advanced breast and prostate cancer patients develop bone metastases, and metastases are also very common in lung, kidney, and thyroid cancers and in melanoma [2, 3•, 4] . Thus, bone metastases are a major influencer in the natural history of these cancers. Bone metastases cause severe pain and increase the risk of fractures leading to decreased quality of life [2, 4] . The median survival time after diagnosis of bone metastases is only 2-3 years [2] and therefore, there is a great need to develop cancer therapies targeting bone metastatic disease.
Formation of bone metastases is a complex process. At very early stages, tumor cells influence the bone microenvironment through secretion of cytokines and exosomes that can increase bone turnover and create a pre-metastatic niche [5•, 6] . The cytokines increasing bone resorption include for example interleukin (IL)-8 and hepatocyte growth factor, which are released at the site of the primary tumor by heparanase action [7] . Exosomes can increase vascular leakiness at the pre-metastatic site and educate the bone marrow progenitors via the MET receptor [8] . Exosome-like vesicles carrying miR-192 have also been noted to alter bone colonization [9] . Furthermore, signals from the primary tumor recruit monocytes, mesenchymal stem cells, and immature myeloid cells from the bone marrow to the primary tumor, where they are educated to become tumor-associated macrophages (TAMs), cancer-associated fibroblasts (CAFs), and myeloid-derived suppressor cells (MDSCs), supporting the metastatic process [10••, 11] . The following steps have been thoroughly described by Johnson and Suva in their review BHallmarks of bone metastasis^ [1] . These hallmarks are extravasation, disruption of bone homeostasis, secretion of osteolytic growth factors, engagement in bone niche, interactions with the bone marrow microenvironment of the host, and responses to the physical environment, which are all needed in order to develop clinically detectable bone metastases [1] .
Bone is a favorable microenvironment for metastasis. It contains many growth factors such as parathyroid hormone-related peptide (PTHrP), transforming growth factor beta (TGF-β), and many cytokines including IL-6, IL-8, and tumor necrosis factor alpha (TNF-α), which support the early homing of cancer cells to bone as well as tumor growth [5•] . The term vicious cycle refers to increased bone destruction caused by the cancer cells, which in turn supports cancer cell growth [3•, 5•] . Shortly, it describes the Bself-feeding^process which originated from the discovery of PTHrP as a major regulator of growth of bone metastases, and the effects of which are caused by increased differentiation of bone-forming osteoblasts. Increased osteoblast differentiation and secretion of receptor activator of nuclear factor kappa-Β ligand (RANKL) from osteoblasts leads to increased activity of bone-resorbing osteoclasts and increased bone resorption. Many growth factors and hormones are bound to the bone matrix upon mineralization, and once released they promote cancer growth in bone. The vicious cycle is one of the reasons that make the tumor microenvironment in bone unique and difficult to modulate by therapies. The vicious cycle is recapitulated in in vivo models, but modeling it in vitro has proven to be very challenging. However, an in vitro model by Krishnan and colleagues models the vicious cycle in silico and allows the study of osteobiological and osteopathological processes and effects of potential therapeutics [12] .
Bone metastases can be divided into two categories, osteolytic and osteoblastic [3•, 4] . Increased bone resorption is observed in osteolytic lesions, and they are more common for example in breast and lung cancers [4] . Increased bone formation is more profound in osteoblastic lesions, and they are more common in prostate cancer [4] . Despite the classification based on the dominant process, usually both bone formation and resorption occur simultaneously. This is demonstrated by the fact that in prostate cancer patients with osteoblastic lesions, resorption markers can be even more elevated than in patients with osteolytic lesions [13] . In preclinical models, tumor growth in bone and tumor-induced bone lesions can be imaged with conventional imaging modalities, such as X-ray, micro-computed tomography (μCT), bioluminescence imaging (BLI), magnetic resonance imaging (MRI), or positron emission tomography (PET/SPECT) [3•] . During recent years, more attention has been paid to imaging rare events such as tumor cell dissemination or dormancy with more advanced techniques. For example, real-time in vivo imaging of bone metastatic tumors by near-infrared techniques could be useful in more precise tumor detection in bone, and for detecting small tumors [14] . More precise tumor detection can also be achieved by intravital imaging of bone marrow and tumor cells by two-photon microscopy [15•] . Additionally, bone biomarkers can be used to study the changes in bone turnover in preclinical and clinical settings [16, 17] . When tested in tumor models which cause osteolytic and osteoblastic lesions in vivo, the bone formation markers Nterminal propeptide of type I collagen (PINP) and osteocalcin (OC) and the resorption markers C-terminal telopeptide of type I collagen (CTX-I) and tartrate-resistant acid phosphatase 5b (TRACP 5b) were increased at early stages and were downregulated by the treatment of zoledronic acid [17] . At later stages, the levels were stabilized in an osteoblastic model and could not be inhibited by zoledronic acid [17] . OC was the best marker to correlate with tumor burden measured by BLI [17] . However, when considering correlation, one must distinguish bone formation and tumor growth. If bone formation is very strong, a smaller proportion of the lesion consists of cancer cells and a larger proportion consists of bone, and thus the correlation may be even negative. Measuring and understanding bone turnover through biomarkers has been essential in developing bone-targeted therapies against bone metastases [16] . In clinical trials, bone biomarkers have a key role in deciding whether a new bone-targeted agent will continue in clinical development [16] . In preclinical studies, the use of biomarkers is not compulsory but their use can increase clinical predictivity [16] .
One of the most important obstacles in developing good compounds against bone metastatic disease has been the misuse of in vivo models. The most commonly used models in oncology are subcutaneous models. They are also used to answer questions of efficacy against metastatic cancers. Especially in the case of bone metastases, the biology and cancer-induced changes are results of a complex activation of cascades of operations that can be modeled only in the correct bone metastatic microenvironment. The placement of cancer cells to a microenvironment highly different from their origin rarely results in preclinical findings that correspond to clinical efficacy [18•] .
Different models that can be used to study bone metastasis are extensively described by Jinnah and colleagues [2] . Additionally, Simmons and colleagues explain in detail the models both by cell type and by inoculation route, as well as other approaches like inducible models [3•] . In the context of bone metastases, transgenic mouse models are challenging because bone metastases are generally not observed even in breast or prostate cancer models [3•, 19] . The few exceptions with occasional bone metastases include the TRAMP (transgenic adenocarcinoma mouse prostate) x FBV model [20] , the Cryptdin-2-Tag prostate cancer model, and the Wcre;Cdh1 F ;Trp53 F breast cancer model [19] . Each model has advantages and disadvantages, and understanding the possibilities and limitations is crucial in selecting the most suitable model for a study [3•] . Furthermore, characterization of these models and development of new models are essential for better understanding of the mechanisms for development and growth of bone metastases, and for identifying key targets for novel therapeutics [3•] . When developing new models, major focus should be paid to clinical relevance [3•] . In the following chapters, we highlight the most recent work in preclinical models of bone metastasis during the last 5 years (2014-2018).
Models by the Cancer Cell Inoculation Route
The Bseed and soil^theory by Paget is always used to describe the formation of bone metastases [21] . This theory explains the formation of metastases to preferred sites, and also creates the basis of using systemic cancer models. In systemic models, the cancer cells (seeds) are inoculated to the systemic circulation and let to home to their preferred sites (soils). These models are often described to be the real bone metastasis models as they include the early steps in the formation of metastases, including the survival in circulation, extravasation, dissemination to the bone, and finally dormancy and/or growth of bone metastases [1, 2, 4] . Additionally, disseminated and dormant tumor models have been characterized, bringing new possibilities to study these rare events [1, 2, 3•] . The systemic models have the disadvantages that they do not model tumor formation and intravasation from the primary tumor, and they do not allow the formation of pre-metastatic niches. Models depicting the full range from the primary tumor to overt metastases are scarce, and only a few models can be used to study the formation of metastases from the primary tumor. One such model is the 4T1 syngeneic breast cancer model [3•, 4] . In addition, for example, Pavese and colleagues published an orthotopic xenograft model resulting in prostate cancer cells in bone marrow but no detectable bone metastases [22] . A novel model was established by Valta and colleagues, that describes grafting renal cell cancer tissue slices orthotopically under the renal capsule resulting in bone metastases [23] . In systemic models, mostly used inoculation routes are intracardiac and, occasionally, intravenous routes. Intracardiac inoculation is used to reduce the number of lung metastases as inoculation to the left cardiac ventricle leads to peripheral blood circulation and uptake of tumor cells into bones before entering the lungs. In addition to these models, Kuchimaru and colleagues inoculated cancer cells to the caudal artery, leading to increased bone metastases with several cell lines, including human breast and prostate cancer cells [24] . This intracaudal model resulted in faster formation of bone metastases than with the intracardiac inoculation [24] . This model could be of high interest to many because the inoculation is relatively easy to perform and typically no mice are lost in the inoculations [24] .
When considering large-scale efficacy studies with a specific interest in bone metastases, the disadvantage of using systemic models is that they often have a tumor take of 30-60% in bone. The most commonly used breast cancer models, intracardiac inoculation of 4T1 or MDA-MB-231(SA) cells, make an exception with higher take rates. In addition to bone metastases, most mice do develop metastases also in soft tissues. Depending on the extent and location of the metastases, a subset of mice may be prematurely lost. If the primary interest is in bone, the use of intratibial or intrafemoral (also referred to as intraosseous) tumor models has some advantages [2, 4] , including faster tumor formation, easier detection, more homogenous treatment groups, and decreased number of mice needed for the studies. Further improvement to the intratibial inoculation could be obtained by inoculation to the iliac artery, resulting in tumor growth in one hind limb, but avoiding the mechanical disruption of bone and ligaments [25] . The listing of established intratibial xenograft models is summarized by Jinnah [2] [28] , and VCaP [29, 30] intratibial prostate cancer models can be added to this listing. A summary of the models is listed in Table 1 . Another aspect touching bone metastases is the possibility of secondary metastases. Formation of secondary metastases has been observed in two intratibial models of the LuCaP series, namely in LuCaP 58 resulting in liver and kidney metastases [27] , and LuCaP 136 resulting in lung metastases [28] .
Models by Immunological Content
Syngeneic models that can be used to study bone metastasis are listed by Jinnah [2] and Simmons [3•] and colleagues, and summarized in Table 1 . Syngeneic models have mouse cancer cells inoculated into immunocompetent host [4] . Advantages of these models include rapid tumor formation and growth and, usually, a very high tumor take rate [3•, 4] . Additionally, and more importantly, considering the current trend in oncology drug development, these models allow the species-specific interactions between the tumor and stromal cells, endocrine signaling, and immunological interactions [4] . However, the abovementioned issues can also represent disadvantages. The growth of mouse cancer cells is often regulated by other pathways than in human tumors [4] . For example, in the case of immune cell regulation of tumor growth, mouse tumor cells secrete different cytokines activating different immune cells than in humans, and also the mechanisms responsible for the formation of bone metastases have been speculated to be at least partially species-specific [4] . Hence, it is important to understand the differences and limitations of each model and the function and regulation of the therapeutic targets, and use multiple models in order to gain reliable and clinically predictive results from preclinical studies.
One approach to increased translation of preclinical findings could be achieved by using human immune system (HIS) engrafted mouse models. There is evidence that immune cells largely regulate tumor cell intravasation from the primary tumor, but also keep them dormant in the bone marrow, and for this reason clinically detectable bone metastases occur so late in humans [32] . In relation to bone metastasis and the immune system, Werner-Klein and colleagues successfully humanized immunodeficient mice using CD34 + hematopoietic progenitor cells isolated from bone marrow biopsies of nonmetastasizing breast, lung, prostate, or esophageal cancer patients and provided a technique for this approach [18•] . The interactions between bone and immune cells are not yet fully established, but it is known that immune cells have a role in maintaining bone homeostasis [1, 2] . Since immune cells have been identified as important regulators of tumor growth and maintenance of bone homeostasis, they are most likely important contributors also in the context of bone metastasis. To study this, two breast cancer bone metastasis models were recently established in humanized mice using triple-positive BT-474 and triple-negative MDA-MB-231-SA human breast cancer cells with osteoblastic and osteolytic bone effects, respectively [31] .
Other Models Related to Bone Metastasis
Other interesting approaches modeling bone metastasis can be divided into computational models, in vitro models, novel in vivo models, and cancer-induced bone pain models, which have started to gain wider interest. This review highlights the use of mice in preclinical studies, but it is important to also acknowledge the use of other species such as zebrafish as a model to study bone metastasis [33, 34] .
A computational model for prostate cancer bone metastasis takes into consideration the number of osteoblast precursor cells; active osteoblasts and osteoclasts; normalized bone volume; early-and/or late-stage prostate cancer cells; boneregulatory proteins such as RANKL, osteoprotegerin (OPG), and PTHrP; WNT signaling; and prostate-specific antigen (PSA) [35] . The model divides bone metastases into high and low osteogenic stages correlating with high and low tumor burden in bone, resembling the clinical situation [35] . Other computational models include for example a model of cancer cell chemotaxis to bone [36] .
Many in vitro approaches to study bone metastasis are summarized in a systematic review by Salamanna and colleagues [37] and by Krishnan and colleagues [38] . Marlow and colleagues have established an in vitro dormancy model with a co-culture of breast cancer cells and bone cells, and identified factors that keep cells in proliferatory or inhibitory (dormant) states [39] . Novel models combining in vivo to in vitro approaches include a bone-in-culture model by Wang and colleagues [40] where cancer cells are inoculated to the intra-iliac artery. After tumor is established, bones are cut into small pieces and placed in 96-well plates that can then be used for example for drug screening purposes [40] . In the same paper, the authors also showed correlation of drug responses in the established in vitro model and an in vivo bone metastasis model [40] . The novel use of the chorioallantoic membrane (CAM) model in the context of prostate cancer invasion and bone metastasis is also an interesting addition to the model portfolio [41] . In this assay, a bone chip is placed on top of the CAM and cancer cells are injected a small distance away from the bone, from where they can then invade and colonize the bone [41] . In many ways, this model settles in between the in vitro assays and mouse models. Many approaches are under investigations to improve clinical translation. One of the most interesting approaches is the Bhumanization^of mouse models [4, 18•] . Some of these models are described by Thibaudeau and colleagues [4] . These include for example humanization of the local microenvironment (for example mammary or prostate stroma) by creating transgenic mice, or also relating to this approach, inoculation of cancer cells with human stromal cells such as CAFs [4] . In the context of humanizing bone metastasis models, approaches have been taken to transplant the mice with human bone fragments and follow the migration of cancer cells from a different location to the bone fragment, and finally follow tumor growth in implanted human bone [2, 4] . Ectopic human bone can also be formed on site by implanting immature mesenchymal stromal cells from human bone marrow, or even blood-borne fibroblasts from umbilical cord blood [42, 43] . The bone marrow space of the ossicle is colonized by mouse hematopoietic stem cells, but can also be transplanted with human CD34 + cells [44] . This approach has been useful in studying certain hematological malignancies that have been difficult to transplant [44] . Other novel humanized bone models utilize different kinds of bone scaffolds. A bone scaffold enables normal bone formation (humanized bone) in mice, and injection of breast cancer cells produced a bone metastasis model similar to metastasis in humans [45] . In a model established by Holzapfel and colleagues [46] , mice are implanted with biodegradable tubular composite scaffolds together with mesenchymal progenitor cells synthetizing bone [46] . The implants in mice resemble normal bone structure with trabeculae and surrounding cortex [46] . In this model, prostate cancer cell migration into the bone and formation of metastasis were shown [46] . Hesami and colleagues have established a similar model where scaffolds seeded with human primary osteoblasts can be used to study the growth of human prostate cancer cells [47] .
Cancer-induced bone pain models can be carried out in mice and rats [4] . These models are reviewed by Slosky and colleagues [48] . From these models, the Walker 256 breast cancer bone metastasis model and H1299 lung cancer bone metastasis model in rats can be used to monitor bone pain, which is one of the most common symptoms in bone metastatic patients [49, 50] .
Conclusions
Cure for bone metastasis requires better understanding of the complex biology between tumor and bone. In addition, the immune system is likely to be a key player in the development and progression of bone metastases. As new treatments emerge, novel preclinical bone metastasis models that better recapitulate the situation in patients and concentrate on clinical predictivity should be established to shorten the gap in clinical translation and to improve patient survival in metastatic cancers.
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